RevMexAA (Serie de Conferencias), 27, 236–239 (2007)

SIMPLE SCALING LAWS FOR ASTROPHYSICAL JETS

M. Huarte Espinosa^{1,2} and S. Mendoza^1

RESUMEN

La idea de que exista un modelo unificado para todos los jets astrofísicos ha sido considerada extensamente desde hace tiempo. En este artículo presentamos algunas relaciones de escala hidrodinámicas que son relevantes para todo tipo de jets astrofísicos y que son análogas a aquellas de Sams, Eckart, & Sunyaev (1996). Utilizamos el teorema Π de Buckingham del análisis dimensional para obtener una familia de relaciones dimensionales provenientes de las cantidades físicas asociadas con jets.

ABSTRACT

The idea of a unified model for all astrophysical jets has been considered for some time now. We present here some hydrodynamical scaling laws relevant for all type of astrophysical jets, analogous to those of Sams, Eckart, & Sunyaev (1996). We use Buckingham’s Π theorem of dimensional analysis to obtain a family of dimensional relations among the physical quantities associated with the jets.

Key Words: GALAXIES: JETS — GAMMA RAYS: BURSTS — HYDRODYNAMICS — ISM: JETS AND OUTFLOWS — QUASARS: GENERAL

1. INTRODUCTION

Although the first report of an astrophysical jet was made by Curtis (1918), these objects were extensively studied much later with radio astronomy techniques (Reber 1940). Quasars, and radiogalaxies were discovered and later gathered in a unified model which proposed a dusty torus around the nucleus of the source (Antonucci & Miller 1985). Years later, some galactic sources showed similar features to the ones presented by quasars and radiogalaxies, i.e. relativistic fluxes, a central engine, symmetrical collimated jets, radiating lobes, and apparent superluminal motions (Sunyaev et al. 1991). Optical and X-ray observations showed other similar nonrelativistic sources in the galaxy associated to H-H objects (Gouveia Dal Pino 2004). Lately the strong explosions found in long Gamma Ray Bursts, had been modelled as collapsars, in which a jet is associated to the observed phenomena, in order to explain the observations (Kulkarni et al. 1999; Castro-Tirado et al. 1999).

The similarities between all astrophysical jets, mainly those between quasars and micro-quasars, and the scaling laws for black holes proposed by Sams, Eckart, & Sunyaev (1996) and Rees (1998) made us search for the possible existence of some hydrodynamical scaling laws for astrophysical jets.

1Instituto de Astronomía, Universidad Nacional Autónoma de México, Distrito Federal, México.

2Current address: Churchill College, Cambridge CB3 ODS, United Kingdom.

Fig. 1. Astrophysical jets are very common and exist in many different sizes. On the left, extending ∼ 10^5 pc, FR I and FR 2 sources are shown. The upper right panel shows the micro-quasar SS 433. It presents relativistic fluxes and apparent superluminal motions analogous to those in quasars. The lower right panel shows jets associated to Herbig-Haro objects with lengths ∼ 10^{−1} −10 pc. All jets have a condensed (sometimes compact) object accreting matter from their surroundings. There is also an accretion disc around the central condensed object and a pair of symmetrical collimated jets that end up in radiating lobes. The images were taken from Bridle (1998), Paragi et al. (2001) and hubblesite.org.

236

The present work presents a few mathematical relations that naturally appear as a consequence of dimensional analysis and Buckingham’s Π theorem. We begin by considering some of the most natural physical dimensional quantities that have to be included in order to describe some of the physical phenomena related to all classes of jets. With this and the use of dimensional analysis we then calculate the dimensional relations associated to these quantities. Finally, we briefly discuss these relations and their physical relevance to astrophysical jets.

2. ANALYSIS A complete description for the formation of an astrophysical jet is certainly complicated. However, there are some essential physical ingredients that must enter into the description of the problem. To begin with, the mass M of the central object must accrete material from its surroundings at an accretion rate Ṁ. Now, because gravity and magnetic fields B are necessary in order to generate jets, Newton’s constant of gravity G and the velocity of light c must be taken into account. If in addition there is some characteristic length l (e.g. the jet’s length), a characteristic density ρ (e.g. the density of the surrounding medium) and a characteristic velocity v (e.g. the jet’s ejection velocity), then the jet’s luminosity (or power) L is a function related to all these quantities in the following manner L = L(Ṁ, M, c, G, B, l, v, ρ). (1) Using Buckingham’s Π theorem of dimensional analysis (Buckingham 1914; Sedov 1993) the following non-trivial dimensionless parameters are found

Π_1 = L Ṁc2 , Π^2 = GṀ c^3

, Π_3 = Bc^{1/2}M Ṁ 3/2 , (2)

Π_4 = lṀ Mc , Π_5 = ρ c^3M^2 Ṁ 3 . From the parameter Π_2 it follows that

Π_2 = ( GM c^2 ) (˙ M M ) 1 c . Since the quantity τ ≡ M Ṁ , (3)

defines a characteristic time in which the central object doubles its mass, then using equation (3) we can write Π_2 as Π_2 = r_s 2τc , (4) where r_S is the Schwarzschild radius. This relation naturally defines a length λ ∼ cτ, (5) which can be thought of as the maximum possible length a jet could have, since τ is roughly an upper limit to the lifetime of the source.

In what follows we will use the following typical values

M ≈ 10^{8−9} M_⊙, B ≈ 100 G, Ṁ ≈ 1M_⊙ yr^{−1},

L ≈ 10^{7−10}L_⊙, r_j ≈ 10^{4−5} pc, (6) and M ≈ 10^{0−1}M_⊙, B ∼ 100 G, Ṁ ≈ 10^{−(8−6)}M_⊙yr^{−1}, L ≈ 10^{2−4} L_⊙, r_j ≈ 10^{0−1}pc, (7)

for quasars and μ-quasars respectively (Blandford et al. 1990; Carilli et al. 1996; Lovelace & Romanova 1996; Robson 1996; Reipurth, Bally, & Devine 1997; Ferrari 1998; Koide, Shibata, & Kudoh 1998; Camenzind 1999; Ford & Tsvetanov 1999; Meier 2002; Vilhu 2002; Wu, Stevens, & Hannikainen 2002; Cherepashchuk et al. 2003; Smirnov et al. 2003; Calvet et al. 2004; Mendoza, Hernández, & Lee 2004; Mirabel 2004; Trimble & Aschwanden 2004).

From equation (2) it is found that

Π_6 := Π^{3/2}_2 Π_3 = ( GM c^2 )_{3/2} / √ Mc^2 B . (8)

This relation defines a length r_j given by

r_j ∝

M^{1/3}c^{2/3} B^{2/3} ≈ 10^2 ( M M_⊙

)_{1/3} ( B 1G )_{−2/3} pc. (9)

For typical extragalactic radio sources and μquasars it follows from equations (6) and (7) that r_j ∝ 10^4 pc and r_j ∝ 10 pc respectively. These lengths are fairly similar to the associated length of these jets. In other words, if we identify the length r_j as the length of the jet, then a constant of proportionality ∼ 1 is needed in equation (9), and so

r_j ≈ 100 ( M M_⊙

)_{1/3} ( B 1G )_{−2/3} pc. (10)

Since equation (8) is roughly the ratio of the Schwarzschild radius r_S to the jet’s length r_j, then Π_6 << 1, i.e.

Π_6 = ( Bl^{3/2} ) ( GM^2/l )_{3/2} (Mc^2)^2

<< 1, (11)

238 HUARTE ESPINOSA & MENDOZA

which in turn implies that B << c^4 G^{3/2}M ≈ 10^{23} (M/M_⊙)^{−1} G. (12)

The right hand side of this inequality is the maximum upper limit for the magnetic field associated to the accretion disc around the central object. For “extreme” micro-quasars like SS 433 and GRB’s the magnetic field B_∼^> 10^{16} G, so that this upper limit works better for those objects (Meier 2002; Trimble & Aschwanden 2004).

From equation (2) it follows that

Π_7 ≡

Π_1 Π_2Π^2_3 = LṀ B^2M^2G , and so

L ∝ 10^{−7} ( B 1 G )_2 ( M M_⊙

)_2 (˙ M M_⊙yr^{−1} )_{−1} L_⊙. (13) For the case of quasars and μ-quasars, using the typical values of equations (6) and (7) it follows that the power L ∝ 10^{15} L_⊙ and L ∝ 10^8 L_⊙ respectively. In order to normalise it to the observed values, we can set a constant of proportionality ∼ 10^{−6} in equation (13). With this, the jet power relation is given by

L ≈ 10^{−13} ( B 1 G )_2 ( M M_⊙

)_2 (˙ M M_⊙yr^{−1} )_{−1} L_⊙. (14)

3. CONCLUSION Astrophysical jets exist due to a precise combination of electromagnetic, mechanic and gravitational processes, independently of the nature and mass of their central objects.

Here we report the dimensional relation between a few important parameters that enter into the description of the formation of an astrophysical jet.

Of all our results, it is striking the fact that the jet power is inversely proportional to the accretion rate associated with it. This is probably due to the following. For a fixed value of the mass of the central object (in any case, for the time that accretion takes place, the mass of the central object does not increase too much) when the accretion mass rate increases, then the magnetic field lines anchored to the plasma tend to pack up, meaning that the field intensity increases in such a way as to get the correct result given by equation (14).

We would like to thank S. Setiawan for useful discussions about jet power and their association with gravitational effects. S.M. gratefully acknowledges support from DGAPA (IN119203) at Universidad Nacional Autónoma de México (UNAM). M.H.E acknowledges support from CONACyT (196898/217314).

REFERENCES

Antonucci, R. R. J., & Miller, J. S. 1985, ApJ, 297, 621 Blandford, R. D. Netzer, H., Woltjer, L., Courvoisier, T. J.-L., & Mayor, M. 1990, Active Galactic Nuclei, (Berlin: Springer-Verlag), 161 Bridle, A.H. 1998, http://www.cv.nrao.edu/~abridle/ bgctalk Buckingham, E. 1914, Phys. Rev., 4, 345 Calvet, N., Muzerolle, J., Briceño, C., Hernández, J., Hartmann, L., Saucedo, J. L., & Gordon, K. D. 2004, AJ, 128, 1294 Camenzind, M. 1999, Lect. Notes Phys., 530, 252 Carilli, C., Perley, R., Bartel, N., & Dreher, J. 1996, in Cygnus A - Study of a Radio Galaxy, ed. C. L. Carilli & D. E. Harris (Cambridge: Cambridge University Press), 76 Castro-Tirado, A. J., et al. 1999, Science, 283, 2069 Cherepashchuk, A. M., Sunyaev, R. A., Seifina, E. V., Panchenko, I. E., Molkov, S. V., & Postnov, K. A. 2003, A&A, 411, L441 Curtis, H. D. 1918, Publ. Lick Observatory, 13, 55 Ferrari, A. 1998, ARA&A, 36, 539 Ford, H., & Tsvetanov, Z. 1999, Lect. Notes Phys., 530, 278 Gouveia Dal Pino, E. M. 2004, astro-ph/0406319 Koide, S., Shibata, K., & Kudoh, T. 1998, ApJ, 495, L63 Kulkarni, S. R., et al. 1999, Nature, 398, 389 Lovelace, R. V. E., & Romanova, M. M. 1996, in Cygnus A - Study of a Radio Galaxy, ed. C. L. Carilli & D. E. Harris (Cambridge: Cambridge University Press), 98 Meier, D. 2002, in New Views on Microquasars, the Fourth Microquasars Workshop, ed. Ph. Durouchoux, Y. Fuchs, & J. Rodriguez (Kolkata: Center for Space Physics), 157 Mendoza, S., Hernández, X., & Lee, W. G. 2004, astroph/0406603 Mirabel, F. 2004, astro-ph/0404156 Paragi, Z., Fejes, I., Vermeulen, R. C., Schilizzi, R. T., Spencer, R. E., & Stirling, A. M. 2001, Ap&SSS, 276, 131 Reber, G. 1940, ApJ, 91, 621 Rees, M. J. 1998, in Black Holes and Relativistic Stars, ed. R. M. Wald (Chicago: University of Chicago Press), 79

HYDRODYNAMICAL SCALING LAWS 239

Reipurth, B., Bally, J., & Devine, D. 1997, AJ, 114, 2708 Robson, I. 1996, Active Galactic Nuclei, (1st ed.; New York: John Wiley & Sons) Sams, B. J., Eckart, A., & Sunyaev, R. 1996, Nature, 382, 47 Sedov, L. 1993, Similarity and Dimensional Methods in Mechanics (10th ed.; Boca Raton: CRC Press)

M. Huarte Espinosa: Churchill College, Cambridge CB3 0DS, United Kingdom (mh475@cam.ac.uk). S. Mendoza: Instituto de Astronomía, Universidad Nacional Autónoma de México, Apdo. Postal 70-264, Distrito Federal 04510, México.

Smirnov, D. A., Fabrika, S. N., Lamzin, S. A., & Valyavin, G. G. 2003, A&A, 401, 1057 Sunyaev, R. 1991, ApJ, 383, L49 Trimble, V., & Aschwanden, M. J. 2004, PASP, 116, 187 Vilhu, O. 2002, A&A, 388, 936 Wu, K., Stevens, J. A., & Hannikainen, D. C. 2002, PASAu, 19, 91